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Abstract of a thesis submitted in partial fulfilment of the 
requirements for the Degree of Master of Agricultural Science. 
Abstract 
Ammonia oxidizing microbial communities and relationships with 
nitrous oxide emissions as affected by different land uses 
by 
Chaoyu Li 
Nitrous oxide (N2O) emissions in New Zealand largely come from agriculture through the 
processes of nitrification and denitrification as a part of the nitrogen cycle. Ammonia oxidising 
bacteria (AOB) and ammonia oxidising archaea (AOA) are the main drivers of ammonia 
oxidation (the first step of nitrification) in soil thus they affect N2O emissions. It is thought that 
different land uses and land use change can impact on ammonia oxidising (AO)-populations 
and N2O emissions, however, the influence of different land uses on AO-populations and N2O 
emissions are not fully understood. Therefore the objectives of this thesis were to: 1) Determine 
the impact of three different land uses (pine tree plantation, dairy farming and sheep farming) 
in the same geographic location with the same soil type on the abundance of AOB and AOA; 
2) Determine the effect of urine application on AO community abundance in the three soils; 
and 3) Determine the effect of urine application on N2O emissions from soils from the three 
different land uses. 
Two projects were conducted to assess the effects of different land uses and the effect of urine 
addition on AO communities and N2O emissions.  
In Project 1, AO-popualtions in the Templeton silt loam soil under three different land uses 
were analysed. The soils were collected from three adjacent sites: pine tree plantation, dairy 
farm and sheep farm. The results showed that AOB abudance was  higher in the dairy (P < 
0.05) and sheep (P < 0.05) farming soils than in the pine tree soil. When the AOB and AOA 
abundance was compared at each site, AOB abundance was higher than AOA abundance in the 
dairy farming soil (P < 0.05), however, AOA abundance was higher than AOB abudance in the 
sheep farming soil (P < 0.05). In addition, the AOA abundance in the pine tree soil was lower 
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than that in the dairy (P < 0.001) and sheep (P < 0.05)  pasture soils. These results support the 
the hypothesis that AOB prefer higher N environments whilst AOA prefer lower N 
environments. However, the reason for the lower AOA abundance in the pine tree soil compared 
to the dairy and sheep farm soils requires further research. 
Project 2 was an incubation study, where cow urine was applied to the three different soils and 
incubated at 20°C for 126 days in jars for gas sampling and in pottles for soil sampling. The 
N2O emission trends in the urine-treated dairy and sheep farm soils were similar. They reached 
a peak shortly after urine application and then decreased rapidly to almost background levels 
afterwards. However, N2O emissions in the urine-treated pine tree soil increased gradually and 
reached a peak at a much delayed time at day 91. The total amount of N2O emitted from the 
urine-treated pine tree soil (P < 0.05) was the highest of the three soils investigated. A large 
amount of available carbon in the urine-treated pine tree soil was probably the main reason for 
the high N2O emission. The results from the analysis of microbial populations also supported 
the hypothesis that urine application will increase AOB abundance, but not that of AOA. AOB 
abundance in the urine-treated dairy and sheep farm soil increased and reached peak abundance 
at day 60. The rapid increase in AOB abundance in these two soils following urine application 
probably reflected the influence of past land use history on the AO communities where the 
AOB populations had adapted to the higher nitrogen environment in these two land uses where 
nitrogen is applied as fertilisers and animal excreta returns. AOB abundance in the urine-treated 
pine tree soil increased more slowly but continued for an extended period until the end of the 
incubation study.  
These results suggest that land use history can have a major effect on AO microbial population 
abundance and these effects have implications on N2O emissions. 
 
 
 
Keywords: Land use, nitrous oxide emissions, ammonia oxidising bacteria, ammonia 
oxidising archaea, ammonium, nitrate, urine.  
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Chapter 1 
Introduction 
Greenhouse gases (GHG) capture the radiant heat from the sun in the lower atmosphere of the 
Earth, forcing the Earth’s atmosphere to a higher temperature than natural levels (Claire et al., 
2006). There are three main GHGs that contribute to the global warming, namely carbon 
dioxide (CO2), methane (CH4) and nitrous oxide (N2O). The levels of these greenhouse gases 
have increased since pre-industrial times.  
In New Zealand, agriculture is the largest GHG contributor accounting for more than 46% of 
the total emissions. GHG emissions from agriculture in New Zealand have increased since 2008 
(MfE 2014b), as a result of rising dairy production. Average dairy farm areas have increased 
and some of this increase has been the conversion of forestry land to dairy farming (MfE, 
2014a).  
In 2012, N2O emissions accounted for 14.3% of total GHG emissions in New Zealand with 
97.1% of the total N2O emissions coming from agriculture (MfE 2014a). Most of these N2O 
emissions from agriculture come from pastoral based farming. Nitrogen (N) fertiliser 
application and animal excretion during grazing are the main causes for increased N2O 
emissions. Generally, N2O is released from the processes of nitrification and denitrification. 
Ammonia oxidisation, as the first step of nitrification, provides the substrate for the production 
of N2O. The process of ammonia oxidisation is carried out by ammonia oxidising bacteria 
(AOB) and archaea (AOA). Normally AOB play a dominant role in the soils with high fertility 
(Di et al., 2009), whereas AOA are more abundant in soils with low pH and low fertility (Di et 
al., 2010b; Leininger et al., 2006). Soils under different land uses have different properties. 
These differences in soil properties can alter the populations of AOA and AOB, and further 
affect N2O emissions. The causes of differences in the abundance of AOA and AOB in different 
soils are not clear in the literature and require further investigation. 
N2O emissions have been reported to change when soil properties such as soil aeration status, 
soil pH, temperature, organic carbon levels and mineral N concentrations change (de Klein et 
al., 2001) and land use has a significant influence on these soil properties. It is therefore thought 
that a change in land use may lead to changes in N2O emissions. However, few previous studies 
have reported the impact of land use change on N2O emissions, especially when the land use is 
changed from forestry to dairy farming. Similarly few studies have reported the change in AOA 
and AOB abundance when land use is changed from forestry to dairy farming. 
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A review of the literature has identified significant gaps in knowledge and understanding about 
the impacts of three different land uses (forestry, dairy and sheep farming) and urine-N inputs 
on AOB and AOA abundance from the same soil type and geographic location. There is also a 
lack of knowledge and understanding of the effects of different land uses on N2O emissions 
from soils. 
1.1 Goals and Objectives 
The goal of this research was to study the impact of three different land uses (pine tree 
plantation, dairy farming and sheep farming) on the abundance of ammonia oxidising (AO) 
microbial communities (AOB and AOA), and the effect of urine-N application on their 
population abundance in these soils. In addition, the effect of different land uses and urine-N 
inputs on nitrous oxide emissions was measured. 
 These goals were achieved by accomplishing the following objectives: 
1. Determine the impact of three different land uses (pine tree plantation, dairy farm and 
sheep farm) in the same geographic location with the same soil type on the abundance 
of ammonia oxidisers (ammonia oxidising bacteria and ammonia oxidising archaea).  
2. Determine the effect of urine application on AO community abundance in the three 
soils.  
3. Determine the effect of urine application on N2O emissions from soils from the three 
different land uses. 
1.2 Hypotheses 
It is hypothesized that:  
1. Land use significantly affects the abundance of AOB and AOA.  
2. AOB will be dominant in both the dairy farm soil and the sheep farm soil. However, 
AOA will dominate in the pine tree soil, due to low pH and lower N content. 
3. Application of urine will increase AOB, but not AOA population abundance.  
4. Nitrous oxide emissions will be significantly affected by land use and nitrogen input. 
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5. Nitrous oxide emissions will be higher in the dairy farm soil than in the sheep and pine 
tree soils. 
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Figure 2.1 Sources of greenhouse gas emissions in New Zealand (MfE, 2014b). 
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Figure 2.2 The main greenhouse gases in New Zealand’s GHG inventory (de Klein & Ledgard, 2005). 
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in the quantity, quality and distribution of crop residues (Hayden et al., 2010; Kong et al., 2010). 
In turn, the changes in the soil microbial communities will affect inorganic N availability, and 
as a result, plant productivity (Feng et al., 2003; Parfitt et al., 2010).  
Ammonia-oxidising bacteria (AOB) and archaea (AOA) are the main drivers of the ammonia 
oxidation, which is the first step of nitrification in soil (Cabello et al., 2009). The abundance 
and activities of AOB and AOA are affected by soil conditions, such as moisture, pH and 
nutrient content (Table 2.1). 
Table 2.1 The soil conditions affecting AO-populations. 
Factors AO - populations Reference 
Soil moisture AO populations increase under wet 
conditions. 
(Avrahami & 
Bohannan, 2007; Di 
et al., 2014) 
Aeration status AOB are more abundant under oxic 
conditions and AOA are more abundant 
under anoxic conditions.  
(Santoro et al., 
2008) 
Soil pH The optimal pH for AOB is close to 
neutral. AOA are more abundant in low pH 
conditions. 
(Erguder et al., 
2009; Shammas, 
1986; Šimek et. al., 
2002) 
Temperature  The optimal temperature for microbial 
activity is between 25˚C and 30˚C. 
(McLaren & 
Cameron, 1996) 
Mineral N 
concentrations 
AOB are more abundant under high N 
concentrations, whereas AOA are more 
abundant under low N concentrations. 
(Di et al., 2009) 
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1984; Singleton & Addison, 1999). High stocking rates reduce pore space and continuity which 
further reduces soil permeability (Drewry et al., 2000). Drewry and Paton (2000) noted that 
macroporosity decreased 70% in grazed soils compared with ungrazed soils in Southland, New 
Zealand. Air permeability and hydraulic conductivity also decreased in the grazed treatments. 
Mulholland and Fullen (1991) found that the bulk density on areas heavily trodden by cows 
was 21% higher than areas less trodden. The reduction of macroporosity was also observed on 
sheep-grazed plots (Climo & Richardson, 1984), but soil compaction on dairy farms generally 
is higher than on sheep farms (Drewry et al., 2000). Sparling and Schipper (2002) compared 
the soil properties in different land use in New Zealand and found that the bulk density and 
macroporosity of dairy and sheep farms were relatively low and macroporosity in dairy farming 
land was even lower than 10% (Figure 2.10).   
 
 
Material removed due to copyright compliance 
 
 
 
 
Figure 2.10 Box plots revealing medians and quartiles for soil physical properties (bulk density and 
macroporosity), arranged by different land use (Sparling & Schipper, 2002). 
Chemical properties in dairy farming soils are also significantly different to other land uses. 
Most of New Zealand’s undeveloped soils are acidic with pH values lower than 5.5 (Parfitt et 
al., 1997; Schipper & Sparling, 2000). However, most agricultural soils have a pH higher than 
5.5, due to the application of lime (Cornforth & Sinclair, 1982). Higher C and N contents also 
occur in the soils of dairy/ sheep farms compared with other land uses.  
Di et al. (2010b) found that the abundance and activity of AOB rapidly increased in the topsoils 
collected from intensively grazed dairy pasture in New Zealand, especially the ones that 
received cow urine. However, AOA only grew in the soils without urine treatments. Therefore, 
they suggested that the difference of N conditions has a significant influence on the populations 
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and activities of AOB and AOA even under the same soil property. AOB prefer growing in 
high-fertility soils with high nitrogen load, but AOA grow well under low-fertility soil 
conditions (Erguder et al., 2009; Valentine, 2007). Offre et al. (2009) also reported high 
abundance of AOA and ammonia oxidation rate in a Scottish site without N fertiliser. 
The majority of N2O emissions in New Zealand’s agricultural system comes from animal 
excreta (de Klein & Ledgard, 2005). Di and Cameron (2000) found that the deposition in some 
urine patches is equal to 1000 kg N/ha. The reason of these high N concentrations is that dairy 
cows cannot completely metabolise the N they ingest and about 75% of the N is excreted 
(Reijnen, 2002). The pasture and soil microbes in dairy farming system cannot take up all the 
nitrogen from urine patches, so large amounts of nitrogen are lost through leaching, 
denitrification and NH3 volatilization (Eckard et al., 2010). Most of the excreted N is in the 
form of urea and this is converted into NH4+ through hydrolysis (Di et al., 2010a). Then, the 
NH4+ is converted into NO3- during the process of nitrification. The large amount of NH4+ and 
NO3- that accumulate in urine patches provide optimum conditions for N2O emissions through 
denitrification and autotrophic nitrification (Sherlock, 1992). N2O emissions increase on New 
Zealand’s dairy farms during autumn and winter, due to the rainy weather (de Klein et al., 
2006). Soil WFPS in these farm lands become higher and this creates anaerobic conditions and 
denitrification.    
The influence of sheep farming on the nitrogen cycle generally is less than dairy farming, 
because sheep urine patches contain less nitrogen than dairy patches (Di & Cameron, 2002). 
Nevertheless, sheep urine also contributes to the increase of N2O emissions. Mahmood and 
Prosser (2006) studied grassland soil collected from the Sourhope Research Station located in 
the Borders region of Scotland. They added different concentrations of synthetic sheep urine as 
the treatment. During the period of incubation, they found that NH4+ concentrations 
immediately increased and reached a peak at the 7th day, then reduced gradually until the end 
of the experiment. The NH4+ concentrations were higher in the soil samples containing high 
concentrations of the urine than the ones containing lower concentrations. Soil NO3- 
concentrations only had a slight increase after a short lag period in the control treatment, 
however soil NO3- concentrations in the soils following high urine concentrations significantly 
increased. There was also an increase in pH after sheep urine treatment. The analysis of 
ammonia oxidising microbial communities in the soils with sheep urine, showed a general 
increase in microbial activities and the changes of microbial structures were related not only to 
ammonia concentrations, but also pH and NO3- concentrations. Variability was greatest during 
the lag phase, which produced ammonia, but this was not converted into nitrate.  
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˚C. Soil moisture and available N are affected by temperature and play more important roles in 
nitrous oxide emissions at higher temperatures (Rafique et al., 2011). Both organic matter and 
mineral N provide the necessary substrate for microbial communities involved in nitrification 
and denitrification. Hence, there is a positive correlation between N2O emissions and organic 
matter, as well as mineral N (Burford & Bremner, 1975; Fillery, 1983; Sherlock, 1992).    
The specific properties of forest soils affect the populations of AOA and AOB and N2O 
emissions. Forest soils are acidic in New Zealand. The macronutrient concentrations (e.g., N, P 
and S) in forest soils generally are lower than dairy or sheep farming soils. Low pH and low 
nutrients lead to higher AOA populations compared with AOB populations (Erguder et al., 
2009). The N2O emissions from forest soils are relatively low, due to low N contents.  
However, farming changes soil properties in dairy and sheep farms. Soil pH increases with the 
application of lime (Cornforth & Sinclair, 1982) and animal grazing creates urine patches 
containing high N concentrations in these soils (de Klein et al., 2006). Therefore, N2O emissions 
are thought to be higher in agricultural systems compared with forestry.  
This review of the literature had identified significant gaps in our knowledge of ammonia 
oxidising microbial communities and relationships with N2O emissions as affected by different 
land uses. Therefore the objectives of this thesis are to:  
1. Determine the impact of three different land uses (pine tree plantation, dairy farm and 
sheep farm) in the same location under same soil type on the abundance of ammonia 
oxidisers (ammonia oxidising bacteria and ammonia oxidising archaea) (Chapter 4, 
project 1).  
2. Determine the effect of urine application on AO community abundance in the three soils 
to understand the changes of ammonia oxidising abundance as the land use changes 
from pine tree or sheep farm to dairy farm (Chapter 5, project 2).  
3. Determine the effect of urine application on N2O emissions from soils from the three 
different land uses to understand the changes of N2O emissions as the land use changes 
from pine tree or sheep farm to dairy farm (Chapter 5, project 2). 
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centrifuging for 2 min at 11,000 g. To enable DNA elution, the column was put into a new 
collection tube and 100 µL of Buffer SE was added. The lids of the new tubes remained open 
during 1 min incubation at room temperature, then closed to centrifuge for 30 sec at 11,000 g. 
The eluted DNA sample was stored at -20°C before further analysis. 
3.1.7.2 DNA Quantification 
Quality and quantity of the extracted DNA were estimated by three methods according to the 
manufacturers’ instructions: (1) spectrophotometrically using Nanodrop®; (2) fluorometrically 
using Qubit® fluorometer (Invitrogen, NZ); and (3) by agarose gel electrophoresis. 
3.1.7.3 Quantitative PCR (qPCR) analysis 
The extracted DNA was diluted 10 times with deionised water by using a CAS-1200 Robotic 
liquid handling system (Corbett Life Science, Australia). Ammonia monooxygenase (amoA) 
gene abundance was quantified using primers Arch-amoAF/arch-amoAR and amoA-1F-
Mod/amoAr-i for ammonia oxidising archaea (AOA) and ammonia oxidising bacteria (AOB) 
respectively (Hornek et al., 2006; Stephen et al., 1996). Twenty microliter reaction mixture was 
prepared for each sample using CAS-1200, containing 0.4 µL primer (final concentration 0.2 
uM), 1.5 µL of 1:10 diluted template soil genomic DNA and 10 µL SYBR Premix Ex Taq 
(TaKaRa, Nori Biotech, Auckland, New Zealand). 
The qPCR amplification conditions are described in details in Di et al. (2010b). A melting curve 
analysis was performed following amplification by continuously measuring the fluorescence 
during the temperature increase between 50˚C and 99˚C. The temperature profiles used for 
running the PCR were shown in Table 3.1. Data was then analysed using the Rotor Gene 6000 
series software 1.7.  
Table 3.1 PCR temperature profiles used for AOA and AOB (Di et al. 2009). 
 AOA & AOB 
First denaturing  94 °C 2 minutes 
Denature 94 °C 20 seconds 
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Figure 3.7 The equipment and process of gas sampling during the incubation. A gas sampling lid 
(top left), the connection between a syringe and a needle on the lid (bottom left) and an 
example of gas sampling on the bench (right). 
For each sampling time, hourly N2O emissions were calculated using the following equation: 
N2O flux =
(𝑐2 − 𝑐1) × 𝐻𝐻 × 𝑃 × 𝑀𝑁2𝑂
(𝑡2 − 𝑡1) × 𝑅 × 𝑇𝐾
 
N2O flux = Hourly N2O emissions (mg N2O-N m-2 hr-1)  
c1 = N2O concentration at t1 (mg L-1) 
c2 = N2O concentration at t2 (mg L-1) 
HH = Headspace height (m) 
P = Atmosphere pressure (1 atm) 
M N2O = Molecular weight of N in N2O (28 g mol-1)   
t1 = Time 1st sample taken (0 hours) 
t2 = Time 2nd sample taken (0.5 hours) 
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The objectives of this experiment were therefore to determine the influence of different land 
uses on 1) chemical soil properties, especially ammonia and nitrate concentrations and 2) 
ammonia oxidising bacteria (AOB) and archaea (AOA). 
It was hypothesised that: 1) land use would significantly affect the abundance of AOB and 
AOA; and 2) AOB would be abundant in both dairy farm soil and sheep farm soil, whereas, 
AOA would be dominant in pine tree soil, due to lower N content.  
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five replicates for each land use, using Microsoft Excel 2010 (Microsoft Corporation, USA). 
One-way analysis of variance (ANOVA) was used to determine if the differences between the 
mean values were statistically significant. The statistical analysis was perfomed using 
SigmaPlot 12.3 (Systat, San Jose, CA, USA). All the values were log-transformed except pH 
prior to the statistical analysis. 
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The moisture content of pine tree soil (17%) was less than the moisture content of the dairy 
(24%) and sheep (29%) farm soils. (Figure 4.5). 
 
 
Figure 4.5 Soil moisture for pine tree, dairy farming and sheep farming soils. Error bars show 
standard error of the mean (SEM). 
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Chapter 5 
The effect of urine addition on ammonia oxidising 
populations and N2O emissions – an incubation study 
5.1 Introduction 
Nitrous oxide emissions in soils are influenced by different anthropogenic land uses. 
Agricultural systems are a major source of greenhouse gases, especially N2O. Nitrous oxide 
emissions represent approximately 14% of total GHG emissions in New Zealand. They largely 
come from agricultural areas which account for 97% of the total N2O emissions (MfE, 2014a).  
N2O emissions generally come from the processes of nitrification and denitrification (Wrage et 
al., 2001). Much of the N2O escapes as gas when nitrate is denitrified to nitrite, nitric oxide, 
nitrous oxide and di-nitrogen by denitrifying bacteria. The rates of these processes are affected 
by a complex interaction of soil properties, including soil moisture, pH, temperature, organic 
matter content and mineral N concentrations. The production of N2O-reductase is a critical 
factor to N2O emissions. N2O-reductase is the enzyme that catalyses the reduction of nitrous 
oxide to dinitrogen. If N2O-reductase is inhibited by soil properties, denitrification will not be 
completed, with N2O being produced rather than N2. However, in extremely wet soil 
environments, where the water-filled pore space (WFPS) is over 70%, N2O-reductase is 
produced and complete denitrification occurs, i.e., converting N2O into N2, so N2O emissions 
are reduced (Szukics et al., 2010; Thomson et al., 2012).  
The optimal pH for N2O emissions is between 5 and 7 (Rolston, 1981; Sherlock, 1992). N2O 
emissions generally are high under low pH conditions (Weslien et al., 2009), due to the 
inhibition of N2O-reductase in acidic soils. This leads to the production of N2O instead of 
further converting to N2 (Fillery, 1983). The optimal temperature for N2O emissions is 15˚C 
(Sherlock, 1992). Keeney et al. (1979) found that N2O emissions increased with the increasing 
temperature up to 15˚C, due to the predominant role of incomplete denitrification and only a 
small proportion of N2O being converted to N2. However, the N2O emissions did not increase 
and remained constant when the temperature was above 17 ˚C (Rafique et al., 2011).  
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In addition, carbon and mineral N, encourage the production of N2O, because the microbial 
communities involved in nitrification and denitrification require one or both of these for their 
growth and development (Burford & Bremner, 1975; Fillery, 1983; Sherlock, 1992).  
High animal stocking rates, soil compaction, animal excretion (particularly urine) and the use 
of nitrogen fertilisers result in high N concentrations in the soils of intensively grazed pastures 
(de Klein et al., 2006; Di et al., 2009) and can further increase N2O emissions. In general, when 
different farm systems are compared, the soils in dairy farms release more N2O emissions than 
in sheep farms, due to greater urine loads excreted by cattle (Drewry et al., 2000).  However, 
our understanding of the impact of different soil, environmental and land use practices is still 
limited, and this poor understanding is an obstacle for the development of management 
practices to mitigate N2O emissions. 
Therefore, the objectives of this project were to determine the influence of different land uses 
on: 1) N2O emissions; 2) ammonia oxidising bacteria (AOB) and archaea (AOA); 3) ammonia 
and nitrate concentrations, and 4) the impact of the addition of animal urine on N2O emissions 
and ammonia oxidisers in soils taken from three different ecosystems: pine tree soil, dairy 
pasture soil and sheep farm soil. It was hypothesised that: 1) nitrous oxide emissions would be 
significantly affected by land use and nitrogen input; 2) N2O emissions would be higher in the 
dairy farm soil than in the sheep and forestry soils; and 3) application of urine would increase 
AOB, but not increase AOA population abundance.     
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5.2 Materials and Methods  
5.2.1 Incubation trial set up 
A detailed description of the materials and methods have been given in Chapter 3 (see section 
3.2). A brief description is provided here for completeness.  
The incubation study was set up to determine the impact of different land uses, and the addition 
of urine on ammonia oxidising populations and N2O emissions.  
The soils were collected on 6th August 2014 from three different sites, which are located in 
close proximity at the northwest of Lincoln University about 20 km south of Christchurch, in 
Canterbury, in the South Island of New Zealand: dairy farm site (43°38'26.95"S, 
172°26'37.85"E ), sheep farm site (43°38'38.01"S, 172°27'25.36"E) and pine tree plantation 
(43°38'38.02"S, 172°27'29.01"E). The soils were sieved through a 5.0 mm sieve, mixed well 
and stored at 4˚C until trial set up. Soil chemical properties were analysed at Analytical 
Research Laboratories Limited (ARL, Napier, NZ). Soil moisture content was adjusted to field 
capacity. Then, a 700 g soil sample was packed in gas sampling jars for N2O collection and 
measurement. In addition, 600 g of soil was packed into soil sampling pottles for subsequent 
subsampling and analysis of mineral N. The soil in both types of vessels was packed to a bulk 
density of 1.0 g/cm3. The incubation jars or pottles were sealed with lids with a breathing hole 
of 1 cm diameter (Figure 5.1). Both sets of samples were placed inside an incubator set at 20˚C 
for one week to equilibrate the microbial communities.  
 
Figure 5.1 Gas sampling jars with incubation lids (left), and soil sampling pottles (right). 
All treatments were applied to the soil surface in the incubation jars and pottles on 22th 
September 2014. The urine was collected from dairy cows grazing at the Lincoln University 
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Research Dairy Farm (LURDF). There were two treatments for the study: Control and Urine 
(700 kg urine-N/ha) and each treatment had four replicates for each soil type.  
Soil moisture was maintained at field capacity by adjusting the weight of the vessels twice a 
week. The trial period for the whole incubation study was about 4 months, from 24th September 
2014 to 27th January 2015.  
5.2.2 Determination of the field capacity 
A soil core was packed into a round container with a volume of 416 cm3 to a bulk density of 
1.0 g/cm3. The soil cores were then placed in a water bath for water absorption for about 24 h. 
The saturated soil cores were transferred onto a tension table at 1m suction (-1 bar) to allow 
drainage of excess water for 4 or 5 days (i.e. until no water came out from the suction). The 
soils were weighed after drainage and placed into a 105°C oven for 48 h and weighed again to 
calculate the field capacity (FC): FC (%) = (wet soil (g) - dry soil (g))/dry soil (g) *100). Based 
on field capacity estimates, soil moisture was maintained twice a week using deionised water. 
5.2.3 Nitrous oxide sampling 
Gas sampling was taken twice weekly from 24th September 2014 (Day 1) to 27th January 2015 
(Day 126). For N2O sampling the gas sampling jar lids were replaced with a gas sampling lid 
which contained a septum, three way tap and needle. During a period of 30 minutes, two 
samples were collected in 6 mL vials at time 0 and 30 minutes. Then, the gas samples were 
analysed using gas chromatography (SRO8610 linked to a Gilson 222XL autosampler) using 
an Electron Capture Detector (ECD) (SRI Instruments, USA) and quantified using stored 
ambient air samples. Elevated concentrations were achieved using ethylene and acetylene in 
stored air samples.  
5.2.4 The analysis of soil properties 
For each soil sampling date, the pottles were removed from the incubator Approximately 30 g 
of the soil was taken out from each pottle and mixed well. Subsamples were placed into four 
different containers to determine ammonia and nitrate concentrations, pH, moisture and 
ammonia oxidising communities (Figure 5.2). 
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hours and reweighed (Blakemore, 1987). Soil moisture was calculated using the following 
equation: Soil moisture (%) = (wet soil (g) - dry soil (g))/dry soil (g) x 100. 
5.2.5 AOB and AOA assays 
Subsamples of soil were collected at Day 1, 7, 15, 30, 60, 90, 120 to determine ammonia mono-
oxygenase (amoA) gene copy numbers of AOB and AOA. The soil samples were stored at -
80˚C before extraction. 
The DNA extraction was carried out using NucleSpin® Soil Kit (Macherey-Nagel, Düren, 
Germany). The extracted DNA was detected and quantified by three methods: (1) 
spectrophotometrically using Nanodrop®; (2) fluorometrically using Qubit® fluorometer 
(Invitrogen, NZ); and (3) using agarose gel electrophoresis. 
5.2.5.1 PCR analysis 
Polymerase chain reaction (PCR) were set up by using a CAS-1200 Robotic liquid handling 
system (Corbett Life Science, Australia). The extracted DNA was diluted 10 times with 
deionised water. Ammonia monooxygenase (amoA) gene abundance was quantified using 
primers Arch-amoAF/arch-amoAR and amoA-1F-Mod/amoAr-i for ammonia oxidising 
archaea (AOA) and ammonia oxidising bacteria (AOB) respectively (Hornek et al., 2006; 
Stephen et al., 1996). A 20 µL reaction mixture was prepared for each sample by using the 
CAS-1200, containing 0.4 µL primer (final concentration 0.2 uM), 1.5 µL of 1:10 diluted 
template soil genomic DNA and 10 µL SYBR Premix Ex Taq (TaKaRa, Nori Biotech, 
Auckland, New Zealand). 
A Rotor-GeneTM 6000 (Corbett Life Science) was used for real-time PCR to measure the 
fluorescence continuously when the temperature was between 50˚C and 99˚C. The AOA and 
AOB amoA genes, and copy numbers were detected by standard curves of real-time PCR based 
on the study of Di et al. (2010b).  
5.2.6 Statistical analysis 
Mean values and standard errors of the means (SEM) for microbial community (AOA and 
AOA) abundance, mineral N concentrations, N2O emissions and pH were calculated from four 
replicates for each treatment using Microsoft Excel 2010 (Microsoft Corporation, USA). P-
values for checking the significant difference between control and urine treatment in each land 
use’s mean values were calculated following t-test analysis of variance (ANOVA) using 
 58 
SigmaPlot 12.3 (Systat, San Jose, CA, USA). All the values except pH were log-transformed 
for statistical analysis. 
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5.3 Results   
5.3.1 Ammonia oxidising community abundance 
5.3.1.1 Ammonia oxidising bacteria  
The growth of AOB in pine tree soil following urine application was initially slow, but started 
to increase rapidly at day 15 and reach a peak at day 120 with a value of 7.13 × 107 copies/g 
dry soil (Figure 5.3). The AOB populations in dairy farming soil grew rapidly after urine 
application reaching a peak of 6.18 × 107 copies/g dry soil at day 60. The AOB population 
abundance in sheep farming soil also grew rapidly after urine treatment, but the growth rate 
was lower than that in dairy farming soil and reached a peak of 4.41 × 107 copies/g dry soil at 
day 60.  
 
Figure 5.3 AOB amoA gene abundance for the incubation study. Error bars indicate SEM. 
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In the “control” treatment, AOB abundance in the dairy farming soil was higher than in the pine 
tree soil and sheep farming soil throughout the incubation period. The AOB abundance in the 
“sheep control” was higher than in the “pine tree control” (Figure 5.3).   
The application of urine had a significant effect on AOB amoA gene abundance in all land uses 
compared to the controls. AOB abundance in urine-treated pine tree soil (2.37 × 107 copies/g 
dry soil) was almost 12 times higher (P < 0.05) than the “tree control” treatment (2.01 × 106 
copies/g dry soil) at day 30 and the difference between “tree urine” and “tree control” treatment 
became more significant after that date (P < 0.05). AOB abundance in the urine-treated dairy 
farm soil increased significantly at day 7 with 3.85 × 107 copies/g dry soil, which was 
approximately 1.8 times higher (P < 0.05) than the AOB abundance in the “dairy control" at 
day 7 with 2.09 × 107 copies/g dry soil. However, the AOB abundance returned to almost 
background levels and there was no significant difference between “dairy urine” and “dairy 
control” at day 120 (P > 0.05). AOB abundance in the urine-treated sheep farm soil increased 
significantly (P < 0.05) at day 15 with 4.03 × 107 copies/g dry soil compared with the AOB 
abundance in the “sheep control” treatment (1.30 × 107 copies/g dry soil). The significant 
difference between the “sheep urine” and “sheep control” treatments remained until the end of 
the incubation trial.  
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5.3.1.2 Ammonia oxidising archaea 
The AOA population abundance did not increase with urine treatment in pine tree soil and dairy 
farm soil (Figure 5.4). The AOA abundance in the sheep farm soil following urine treatment 
slightly decreased to 4.04 × 106 copies/g dry soil at day 30, but then subsequently increased to 
reach a peak of 1.24 × 107 copies/g dry soil at day 120.  
Generally, there was no significant difference between control and urine treatments in all land 
uses. Only at day 120, the AOA abundance in urine-treated sheep farm soil with 1.24 × 107 
copies/g dry soil was about 1.9 times higher than that in the “sheep control”.  
The AOA abundance remained higher in the sheep pasture soil with or without urine addition 
than pine tree or dairy farm soils, and the AOA abundance in the dairy farm soil remained 
higher than in the pine tree soil.  
 
Figure 5.4 AOA amoA gene abundance for the incubation study. Error bars indicate SEM. 
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5.3.2 Soil ammonium concentrations  
The addition of urine had a significant effect on NH4+ concentrations (Figure 5.5). The dairy 
and sheep farming soils followed similar trend and had higher NH4+ concentrations than pine 
tree soil at the beginning. However, The NH4+ concentrations decreased rapidly in the dairy 
farming soil, with the NH4+ concentration decreasing from 671 mg NH4+-N/kg of dry soil at 
day 1 to 93 mg NH4+-N/kg of dry soil at day 120. The NH4+ concentrations in sheep farming 
soil had a small fluctuation following the urine treatment application and started a significant 
decline after 30 days, reducing from 609 mg NH4+-N/kg of dry soil at day 30 to 208 mg NH4+-
N/kg of dry soil at day 120. The highest NH4+ concentrations in the pine tree soil was observed 
at day 7 with a peak of 698 mg NH4+-N/kg of dry soil, with the concentrations in pine tree soil 
decreasing after 15 days from 673 mg NH4+-N/kg of dry soil to 115 mg NH4+-N/kg of dry soil 
at day 120. When comparing the average reduction in NH4+ concentrations throughout the trial 
period, the dairy farming soil had the highest average reduction of 85% with the sheep farming 
and pine tree soil having average reduction of 68% and 58%, respectively.  
 
Figure 5.5 Soil ammonium concentration. Error bars indicate SEM. 
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In the control treatments, there were no significant differences in ammonium concentrations 
between all land uses. NH4+ concentrations in all land uses were low and they remained stable 
during the whole period of incubation (Figure 5.5).  
There were significant differences between urine and control treatments in all land uses 
throughout the whole incubation study (p<0.05), despite the decreasing trends in all the urine 
treatments. 
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5.3.3 Soil nitrate concentrations 
In control treatments, all land uses showed a steadily increasing trend. The NO3- concentrations 
in dairy farming soil was the highest over the incubation period. However, the highest NO3- 
concentration in dairy farm soil was only 118 mg NO3-N/kg of dry soil at day 120 (Figure 5.6). 
The addition of urine had a significant influence on NO3- concentrations in all land uses. NO3- 
concentrations in the dairy farm soil with urine treatment had the fastest increase from 26 mg 
NO3-N/kg of dry soil at day 1 to 511 mg NO3-N/kg of dry soil at the end of the trial. It was 
significantly higher (P< 0.001) than “dairy control” after day 7.  
 
Figure 5.6 Soil nitrate concentrations. Error bars indicate SEM. 
Nitrate concentrations in the pine tree soil with urine treatment had a significant increase 
(P<0.001) after 30 days, compared with “tree control”. The NO3- concentrations in the urine 
treatment increased from 84 mg NO3-N/kg of dry soil at day 30 to 414 mg NO3-N/kg of dry 
soil at day 90.  
The increasing trend for NO3- concentrations in the sheep farming soil following urine treatment 
was slower compared with the dairy pasture soil and pine tree soil. However, NO3- 
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concentrations in the sheep farming soil still increased from 61 mg NO3-N/kg of dry soil at day 
15 to 295 mg NO3-N/kg of dry soil at day 120 and was significantly higher (p<0.001) than that 
in the “sheep control” after day 15. 
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5.3.4 N2O emissions  
5.3.4.1 Daily N2O emissions 
Urine treatment, overall, had a significant impact on N2O emissions (Figure 5.7). In the urine 
treatment, dairy and sheep farms followed similar N2O emission patterns. In contrast, the N2O 
emissions from the pine tree soil was different. When urine was applied on the 24th September 
2014 (day 1), the N2O emissions in dairy and sheep farming soils increased immdiately, 
reaching a peak of 1.63 mg N2O-N/m2/hr and 2.02 mg N2O-N/m2/hr, respectively before rapidly 
decreasing to lower levels. However, the N2O emission peak of the pine tree soil appeared 90-
days after urine application. The N2O emissions in the pine tree soil were low initially. After 
day 35, the pine tree soil emissions started a gradual increase and there was a significant 
difference (P < 0.05) between the “tree urine” (0.048 mg N2O-N/m2/hr ) and the “tree control” 
(0.002 mg N2O-N/m2/hr) at day 35. The pine tree soil with urine treatment reached a peak at 
day 91 of 1.35 mg N2O-N/m2/hr, and then decreased to 0.064 mg N2O-N/m2/hr at day 126. In 
the control treatments, the N2O flux in all land uses remained almost below 0.003 mg N2O-
N/m2/hr.  
 
Figure 5.7 N2O emissions for the incubation study. Error bars indicate SEM. 
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5.3.4.2 Total N2O emissions 
The total N2O emissions in the urine-treated pine tree soil (5.338 kg N2O-N/ha) were 
significantly higher (P<0.001) than those in the dairy farming (2.201 kg N2O-N/ha) and sheep 
farming soils (0.992 kg N2O-N/ha) (Figure 5.8). The control treatments, on average, only 
emitted small amounts of N2O over the incubation period. The total N2O emissions from the 
control dairy farming soil were the highest among the control treatments at 0.374 kg N2O-N/ha.  
With the addition of urine, the total N2O emissions in all land uses significantly increased 
(P<0.05). The total N2O emissions in the pine tree soils following urine treatment had the most 
significant increase by approximately 204 times, from 0.026 kg N2O-N/ha in the control 
treatment to 5.338 kg N2O-N/ha in the urine treatment.  
 
Figure 5.8 Total N2O gas during the incubation period. Standard errors show SEM. 
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5.3.5 Soil pH     
With the addition of urine, soil pH increased significantly first, and then decreased in all land 
use types (Figure 5.9). The pH in dairy farming soil showed a decreasing trend from 7.45 (day 
1) to 4.56 (day 120). However, 7 days following urine application, in both the pine tree and 
sheep farm soils, pH had a slight increase of 0.42 units and 0.14 units, respectively, and then 
decreased over time to 4.81 and 5.34, respectively at day 120. In the control treatments, soil pH 
did not fluctuate significantly throughout the trial.  
 
 
Figure 5.9 Soil pH after urine application (day 1). Error bars show standard error of the mean 
(SEM). 
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5.4 Discussion 
5.4.1 Ammonia oxidising bacteria  
The results from this study showed that urine-N input had a major influence on ammonia 
oxidisers’ growth in all the different soils. Different land uses also had a major effect on the 
rate of ammonia oxidisers’ growth. This is in agreement with the hypothesis that application of 
urine will increase AOB abundance. The rapid growth of AOB in the dairy pasture soil 
following urine application was probably related to the initially high AOB abundance in this 
soil, resulting from high N inputs from nitrogen fertiliser and animal excreta returns in dairy 
production systems (Di & Cameron, 2002; Di et al., 2010b). 
The initially slow growth of AOB in the pine tree soil following urine application was probably 
because of the extremely low initial AOB abundance in the soil. This finding is in agreement 
with previous studies which found AOB abundance in forest soils was relatively low, compared 
with AOA abundance (Chen et al., 2008; He et al., 2007; Leininger et al., 2006). However, the 
AOB growth in the urine-treated pine tree soil continued throughout the incubation period. This 
suggests that the AOB communities in the pine tree soil have the capacity to utilize the nitrogen 
from the urine and to grow after an initial period of exposure to the urine nitrogen. This is 
similar to the findings of Hynes and Germida (2012) that there was a positive correlation 
between AOB abundance and N bioavailability under forest sites. However, further research is 
required to improve our understanding of the factors involved in the growth pattern of AOB in 
the pine tree soil. 
It is interesting that the AOB abundance in the pine tree soil was initially lower than the AOB 
abundance in the dairy pasture soil and sheep pasture soil. However, the AOB abundance in the 
pine tree soil exceeded the AOB abundance in the sheep pasture soil after half of the incubation 
period (after 60 days) (Figure 5.3). The intermediate AOB abundance in the urine-treated sheep 
pasture soil may reflect a history of lower N inputs in the sheep pasture soil compared with the 
dairy farming soil. These results suggest that AOB growth is not only affected by the amount 
of nitrogen applied during the experiment but also related to the past land use history. 
5.4.2 Ammonia oxidising archaea  
The minimum impact of urine application on AOA abundance in all three soils supports the 
original hypothesis that AOA abundance will not increase with urine treatment. This strongly 
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suggests that AOA growth is not related to the supply of available N in the form of animal urine 
(Figure 5.4). This is in agreement with the finding of Di et al. (2010b) who found AOA 
abundance did not increase in the soils with urine treatment. However, the AOA abundance 
was higher in the sheep pasture soil, with or without urine addition. The higher AOA abundance 
in the sheep pasture soil, with or without urine addition, is probably because of the lower soil 
N fertility status compared to the dairy pasture soil. This agrees with findings from previous 
studies that AOA growth was favoured by low soil N content (Erguder et al., 2009; Valentine, 
2007). Offre et al. (2009) also reported that AOA abundance was high in the soils without N 
fertiliser. 
The extremely low AOA abundance with or without urine in the pine tree soil is probably due 
to other factors which limited the growth of AOA in this soil. Further studies are required to 
understand the reasons for the extremely low AOA abundance in the pine tree soil.  
5.4.3 Ammonia and nitrate concentrations   
The rapid increase in the nitrate concentration in dairy pasture soil following urine application 
(Figure 5.6) corresponded well with the initial rapid AOB growth in this soil (Figure 5.3). This 
indicates that the rapid AOB growth in the dairy pasture soil following urine application 
resulted in high nitrification rates (Cabello et al., 2009). Di et al. (2009) also found that the 
increasing NO3- concentrations in grassland soil treated with animal urine was strongly related 
with the AOB abundance. 
The nitrate concentrations in the urine-treated dairy farm soil was the highest during the whole 
incubation period. This is in agreement with the finding of Drewry et al. (2000) who found that 
NO3- concentrations in dairy farming soils were generally higher than in sheep farming soils; 
due to greater amounts of urine excreted by cows, compared with sheep. 
Similarly the nitrate concentration increases in the sheep farming and pine tree soils also 
followed the AOB growth patterns in these two soils. These results suggest that AOB 
abundance is a determining factor in the nitrification rate of the urine-treated soils.  
In general, NH4+ concentrations in all land uses with urine treatments decreased with time, 
whereas NO3- concentrations initially increased. This reflects the conversion of NH4+ into NO3- 
of the urine-N applied during the incubation period. The AOB promoted nitrification rates and 
the production of NO3-.  
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5.4.4 Nitrous oxide emissions 
The findings of this study support the hypothesis that N2O emissions would be significantly 
affected by different land uses and high nitrogen inputs. However, the hypothesis regarding the 
higher N2O emissions in dairy farm soil than sheep farm and pine tree soil has to be rejected. It 
is very interesting that despite the slow start, the N2O emission was the highest from urine-
treated pine tree soil compared with those in the corresponding treatments of the dairy and 
sheep pasture soils. The high N2O emissions from the urine-treated pine tree soil was probably 
due to the relatively high amounts of available carbon in the pine tree soil compared with the 
sheep and dairy pasture soil (Appendix 1). Burford and Bremner (1975) stated that N2O 
emissions would increase when water soluble organic C was higher. This is similar to Luo et 
al. (2010b) who also found high N2O emissions in the soil with high carbon concentrations. 
These results have major implications for N2O emissions when pine tree forests are cleared for 
dairy farming. It means that if pine tree forestry is converted to dairy farm, there is potential for 
huge increases in N2O emissions due to animal urine nitrogen inputs.  
 72 
5.5 Conclusions 
Land use and urine-N input significantly affected the N2O emissions and microbial community 
abundance from the Templeton silt loam soil used in this study. The application of urine had a 
significant effect on AOB amoA gene abundance in all land uses compared to the controls. With 
urine addition, AOB abundance in the dairy farm soil and sheep farm soil showed a similar 
trend with high peaks at day 60. The AOB abundance in dairy farm soil was higher than in 
sheep farm soil throughout the whole incubation study. The application of nitrogen fertiliser 
and animal excreta returns were probably the main reasons for rapid growth of AOB in the 
dairy and sheep farm soil (Di & Cameron, 2002; Di et al., 2010b). The AOB abundance in the 
pine tree soil was low initially, but increased continuously until the end of the study. The AOB 
population in pine tree soil probably needed a period of exposure to adapt to the urine nitrogen. 
However, the reason for the AOB abundance increase needs further study.  
Unlike AOB abundance, AOA abundance was not affected by urine-N input. This supports the 
hypothesis that application of urine will increase AOB population abundance, but not AOA. 
The AOA abundance in sheep farm soil was significantly higher than in dairy farm soil and 
pine tree soil.  Lower N fertility in sheep farm soil may have led to the higher AOA abundance 
compared with dairy farm soil (Erguder et al., 2009; Valentine, 2007). 
 N2O emissions were significantly affected by the different land uses and by urine-N input. 
With the application of urine, N2O emissions in dairy farm soil and sheep farm soil immediately 
reached a peak, then sharply decreased to close to the background level.  However, N2O 
emissions in the urine-treated pine tree soil had a delay before it reached a peak at day 91. It is 
worth mentioning that the total N2O emissions in the pine tree soil following urine treatment 
were significantly higher (P<0.001) than the dairy farm and sheep farm soils (Figure 5.8). 
Therefore, the hypothesis that N2O emissions will be higher in the dairy farm soil than in the 
sheep farm soil and pine tree soil must be rejected. The high N2O emission in the pine tree soil 
following urine treatment is probably caused by large amounts of available carbon.  
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Chapter 6 
General conclusions and directions for future research  
6.1 General conclusions 
6.1.1 N2O emissions 
In the incubation trial (Chapter 5), different land uses and urine-N inputs had a significant effect 
on nitrous oxide (N2O) emissions from the Templeton silt loam soil.   N2O emissions in the 
urine-treated pine tree soil increased rapidly after day 52 and reached a peak at day 91. N2O 
emissions in the urine-treated dairy farm and sheep farm soils reached a peak at the early stages 
the trial and then quickly decreased to a low level, but they were still higher than in their 
respective controls. In the control treatments, N2O emissions in these three land uses remained 
at a low level thoughout the incubation period.  
The total N2O emissions from the pine tree soil following urine treatment was the highest of 
the three different land uses following urine-N inputs. Thus, the hypothesis that N2O emissions 
will be higher in the dairy farm soil, compared with the sheep farm soil and pine tree soil, has 
to be rejected. The N2O emissions in the urine-treated dairy farm soil was the second highest, 
followed by the emissions in the urine-treated sheep farm soil. The total N2O emissions in urine 
treatements were significantly higher (P < 0.05), compared with control treatments in all land 
uses. The total N2O emissions in the “pine tree urine” treatment were 204 times higher than the 
“pine tree control”. The higher N2O emissions from the pine tree soil following urine treatment 
may be due to the higher concentrations of available carbon in pine tree soil compared with 
sheep and dairy farm soil (Appendix 1). N2O emissions were higher when water soluble organic 
C was higher which is in agreement with Burford and Bremner (1975) and Luo et al. (2010b).  
These results suggest that if forest land is converted to dairy farm, there would  potentially be 
high N2O emissions following urine deposition by the grazing animal. Therefore, the 
conversion from forestry to dairy farm would result in double negative impacts on climate 
change, the removal of carbon sink by the forest and increased N2O emissions from animal 
urine.  
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6.1.2 Ammonia oxidising communities  
In project 1 (Chapter 4), different land uses had a significant effect on ammonia oxidising 
bacteria (AOB) and ammonia oxidising archaea (AOA) amoA gene abundance, and so the 
hypothesis that land use significantly affects the AOB and AOA abundance can be accepted. 
However, AOA amoA gene abundance in the sheep farm and dairy farm soils was significantly 
higher than in the pine tree soil (P < 0.05). The hypothesis that AOA abundance was higher in 
pine tree soil than in dairy and sheep farm soils must be rejected.  Previous studies showed that 
AOA growth was favoured by low pH and low N environments (Di et al., 2009; Di et al., 2010a; 
Erguder et al., 2009). Despite lower pH and total N in the pine tree soil compared with the dairy 
and sheep farm soils, AOA abundance was still lower in the pine tree soil.  Therefore, other 
factors may impact on AOA amoA gene abundance in the pine tree soil.  
AOB amoA gene abundance was significantly higher in the dairy and sheep farm soils than in 
the pine tree soil (P < 0.05). This supports the hypothesis that AOB will be more abundant in 
dairy and sheep farm soils than in pine tree soil. However, AOB amoA gene abundance in the 
dairy and sheep farm soil were not significantly different (P > 0.05). AOB growth is favoured 
by high N environments, and the dairy and sheep farm soils received continued nitrogen inputs 
from nitrogen fertilisers and animal excreta returns (Di et al., 2009; Di et al., 2010a).  
The comparison of AOB and AOA amoA gene abundance in each land use showed that AOB 
abundance was higher than AOA abundance in the dairy farm soil, but AOA abundance was 
higher than AOB abundance in the sheep farm soil. The reason probably was lower N inputs in 
sheep farm soil than in dairy farm soil. This is in agreement with Di et al. (2009) and Di et al. 
(2010a) who showed that AOB preferred a high N environment, but AOA preferred a low N 
environment.    
In project 2 – the incubation trial (Chapter 5), the addition of urine increased AOB abundance, 
but not AOA abundance in all land uses, supporting the hypothesis that application of urine will 
increase AOB population, but not AOA population to be accepted. AOB abundance in the urine-
treated pine tree soil rapidly increased after 15 days and the AOB growth continued until the 
end of the incubation study. The peaks of AOB abundance in the urine-treated dairy farm soil 
and sheep farm soil appeared at day 60 and the peak of AOB in the dairy farm soil was slightly 
higher than the sheep farm soil. In the “control” treatment, AOB abundance did not change in 
all land uses. The results of AOB abundance in all land uses with urine-N inputs were consistent 
with the N2O emissions from different soils. Therefore, AOB communities probably plays a 
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significant role on N2O emissions. The increase of AOB abundance in the urine-treated pine 
tree soil was delayed probably because the AOB population required a period of exposure to 
adapt to the high urine nitrogen environment or the AOB growth was initially inhibited by the 
high NH4+ concentrations. The rapid increase of AOB abundance in the urine-treated dairy and 
sheep farm soils was probably due to the adaptation of AOB communities to the high N 
environments in the dairy farm system and to a lesser extent, sheep farm system (compared 
with the pine tree system). 
The AOA populations remained constant in all urine-treated land uses and there was no 
significant difference between control and urine treatments in all land uses. The only exception 
was AOA abundance in the urine-treated sheep farm soil which increased at day 120. The AOA 
abundance was higher in the sheep farm soil with or without urine application than the pine tree 
and dairy farm soils throughout the whole incubation study, and the AOA abundance in the 
dairy farm soil was higher than in the pine tree soil. Similarly, Di et al. (2010b) found that AOA 
abundance did not increase in the urine-treated soils.    
The AOB abundance increased in all urine-treated land uses, but the AOA abundance remained 
unchanged. Therefore, these results again support the hypothesis that AOB growth is favoured 
by high N environments such as that in a urine patch soil, but AOA growth is not favoured by 
the high N environment in a urine patch soil.  
6.1.3 Soil NO3- and NH4+ concentrations 
The urine application had a significant effect on NO3- concentrations in all land uses. NO3- 
concentrations in the urine-treated dairy farm soil had the fastest increase, followed by the NO3- 
concentration in the urine-treated pine tree soil which also had a significant increase and 
reached a peak at day 90. NO3- concentrations in the urine-treated sheep farm soil had a slower 
increase, compared with the pine tree and dairy farm soil. The increasing trend of nitrate 
concentrations in all land uses followed the AOB growth patterns. This would suggest that AOB 
growth is very important to the nitrification process in the urine-treated soils.  
The NH4+ concentrations in all urine-treated land uses decreased rapidly. Despite a rapid 
increase from day 1 to day 7, NH4+ concentrations in the urine-treated pine tree soil still declined 
quickly after day 7.  The increasing trend of NO3- concentrations and decreasing trend of NH4+ 
concentrations in all land uses following urine treatments demonstrated the conversion of NH4+ 
into NO3- during the process of nitrification. 
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6.2 Future research     
In view of the results from the project 1 (Chapter 4), it is suggested that future research would 
analyse the factors that impact on AOA abundance in pine tree soils. It is hypothesized that 
AOA abundance is high in low pH and low N environments. The pH and nitrogen 
concentrations were lower in the pine tree soil, but the AOA abundance was still very low in 
this soil. Therefore, some other factors may affect the AOA abundance in the pine tree soil.  
In the incubation study (Chapter 5), the reason for the increasing trend of N2O emissions in the 
urine-treated pine tree soil requires further research. It is hypothesized that N2O emissions will 
be higher in the urine-treated dairy farm soil than in the sheep and pine tree soils. However, the 
study showed that total N2O emissions in the urine-treated pine tree soil was the highest, 
followed by the urine-treated dairy farm and sheep farm soils, and the reasons for this require 
further investigation. The available carbon in the pine tree soil may be an important deciding 
factor. Thus, soluble carbon concentrations in the soils should be measured during the period 
of incubation. The reason for the continuous increase of AOB abundance in the urine-treated 
pine tree soil above those in the dairy and sheep pasture soils also needs further investigation.  
In future research, field trials should be set up to better understand the change of N2O emissions 
and ammonia oxidising communities when land use is changed.    
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Appendices 
Appendix 1: Soil characteristics 
Table A 1.1 Soil characteristics of the different land uses used in the project 1 and project 2. Results 
from Analytical Research Laboratory. 
Analysis (Unit) Pine tree Dairy farm Sheep farm 
Soil pH 5.3 6.1 6.2 
Olsen P (µg/mL) 17 29 15 
Sulphate Sulphur (µg/g) 32 5 2 
CEC (me/100g) 19 18 13 
Potassium (me/100g) 0.37 0.36 0.56 
Calcium (me/100g) 5.9 9.7 8.1 
Magnesium (me/100g) 3.29 1.69 0.77 
Sodium (me/100g) 1.43 0.19 0.11 
Organic matter (% W/W) 7.0 6.4 4.9 
Total N (% W/W) 0.22 0.33 0.25 
Total C (% W/W) 4.04 3.69 2.84 
C:N ratio 19 11 11 
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